Antiinflammatory drugs achieve their therapeutic actions at least in part by regulation of cytokine formation. A "cytokine hypothesis" of depression is supported by the observation that depressed individuals have elevated plasma levels of certain cytokines compared with healthy controls. Here we investigated a possible interaction between antidepressant agents and antiinflammatory agents on antidepressant-induced behaviors and on p11, a biochemical marker of depressive-like states and antidepressant responses. We found that widely used antiinflammatory drugs antagonize both biochemical and behavioral responses to selective serotonin reuptake inhibitors (SSRIs). In contrast to the levels detected in serum, we found that frontal cortical levels of certain cytokines (e.g., TNFα and IFNγ) were increased by serotonergic antidepressants and that these effects were inhibited by antiinflammatory agents. The antagonistic effect of antiinflammatory agents on antidepressant-induced behaviors was confirmed by analysis of a dataset from a large-scale real-world human study, "sequenced treatment alternatives to relieve depression" (STAR*D), underscoring the clinical significance of our findings. Our data indicate that clinicians should carefully balance the therapeutic benefits of antiinflammatory agents versus the potentially negative consequences of antagonizing the therapeutic efficacy of antidepressant agents in patients suffering from depression.
citalopram | fluoxetine | S100A10 M ood disorders including major depressive disorder (MDD) affect as many as one in five individuals and are the most prevalent psychiatric conditions (1) . Approximately one-third of patients suffering from MDD are refractory to any kind of antidepressant treatment including selective serotonin reuptake inhibitors (SSRIs), tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), and electroconvulsive therapy (ECT) (2) .
The hypothesis that cytokines play a role in depression is based in part on the observations that (i) many patients undergoing treatment involving IFNα or interleukin-2 develop depressive symptoms; (ii) sickness behavior induced by the endotoxin lipopolysaccharide (LPS) or interleukin-1 shares some common features with depression; (iii) several cytokines can activate the hypothalamic-pituitary-adrenal (HPA) axis, which is commonly activated in depressed individuals; and (iv) some cytokines regulate brain norepinephrine or serotonin systems, which are linked to MDD and its treatment (3) (4) (5) (6) .
p11, a member of the S100 family of proteins, is a key regulator of depressive-like states and antidepressant responses in rodent models (7) (8) (9) . p11, also called S100A10, is a small acidic protein that interacts with specific serotonin receptors to regulate their trafficking and influence their localization at the cell surface (7, 9) . This action affects the excitability of the cells and leads to profound behavioral responses. p11 knockout (KO) mice display a depressive-like phenotype and p11 overexpressing mice display antidepressant-like responses in classical behavioral paradigms, including the tail suspension and forced swim tests (7) . Genetically "helpless" mice, which exhibit some symptoms of depression, as well as humans suffering with MDD, have reduced levels of p11 mRNA and protein in the cerebral cortex and striatum (7, 10) . In rodents, three classes of antidepressants (SSRIs, TCAs, and ECT) increase p11 levels in the cerebral cortex and hippocampus (7, 8) . Here we report an investigation of antiinflammatory drugs and of antidepressant agents on p11 expression and antidepressant behavior.
The "sequenced treatment alternatives to relieve depression" (STAR*D) clinical trial was a large, real-world study of treatmentresistant depression that evaluated a series of treatments and clinical outcomes. Many patients continue to suffer residual symptoms after weeks of treatment with a single agent and even after trying many different antidepressants and combination therapies. The STAR*D study found that only 36.8% of patients exhibited remission after treatment with the SSRI, citalopram (CIT), and found a cumulative remission rate of 67% after multiple treatments were attempted (11) . The underlying factors contributing to treatment resistance remain unclear. We used the STAR*D dataset to determine whether nonsteroidal antiinflammatory drugs (NSAIDs) could play a role in the treatment outcome of depressed individuals taking SSRIs.
Here we test a model in which SSRI antidepressants increase brain levels of certain cytokines, which in turn regulate p11 levels and ultimately control the behavioral response to an SSRI antidepressant (Fig. 1) . Importantly, we have identified an antagonism by NSAIDs of SSRI responsiveness, which is likely mediated through the action of certain cytokines and p11 in the brain. We believe that this antagonism contributes, in part, to the high resistance rates to SSRIs seen in MDD. We believe that reduced use of NSAIDs by physicians in severely depressed patients being treated with SSRIs would significantly improve positive outcomes from this major class of antidepressant.
Results
Effects of SSRIs and NSAIDs on Certain Cytokines and p11. We measured mouse brain levels of cytokines using a bead-based ELISA following chronic treatment with the SSRI citalopram in the presence or absence of ibuprofen (IBU) cotreatment (SI Materials and Methods). We focus on the frontal cortex, a brain area that is strongly linked to antidepressant responses in mice and humans (12, 13) . Results identified cytokines that fell into one of three major categories: (i) cytokines that were increased by citalopram, the effect of which was abolished by IBU cotreatment (Fig. 2A) ; (ii) cytokines that were increased by citalopram, the effect of which was not affected by IBU cotreatment (Fig. 2A) ; or (iii) cytokines that were not changed by either citalopram or IBU (IL-1a, IL-4, and IL-13). IBU reduced plasma levels of both citalopram and its metabolite didesmethyl citalopram (ddCIT) compared with mice that received citalopram alone (CIT: 1508.36 ± 282.7 versus 537.03 ± 65.8 pg/μL, P < 0.05; ddCIT: 128.0 ± 21.0 versus 34.5 ± 10.8 pg/μL, P < 0.01).
We have shown previously that p11 is increased in the mouse frontal cortex by multiple classes of antidepressants (7, 8) . Here we investigated whether antiinflammatory agents alone or in combination with antidepressants regulated p11 levels. Interestingly, coadministration of either ibuprofen (IBU) or another NSAID, acetylsalicylic acid (ASA), with antidepressants for 14 d blocked the increase in p11 caused by two different SSRIs, citalopram or fluoxetine (Fig. 2B) . The tricyclic antidepressant (TCA) desipramine induced a small increase in p11, and this increase was not significantly affected by IBU or ASA [ Fig. 2B , interaction NSAID × antidepressant: F (6, 52) = 4.48, P < 0.01]. Taken together, these experiments show that SSRI antidepressants increase brain levels of certain cytokines and p11, the effect of which is abolished by NSAID cotreatment.
Antidepressant-Induced Increases in p11 Levels Are Cytokine Dependent. Two of the cytokines that were regulated by both citalopram and ibuprofen, namely, IFNγ and TNFα, were further studied as possible mediators of the inhibitory effects of NSAIDs on SSRI-induced p11 levels described above. First, we investigated whether IFNγ or TNFα signaling is required for antidepressant-induced increases in p11, using IFNGR1 or TNFR1 KO mice. Western blotting analysis of frontal cortex from IFNGR1 KO, TNFR1 KO, or WT control mice treated with chronic citalopram revealed that both IFNGR1 and TNFR1 signaling are necessary for the increase in p11 by citalopram. Immunohistochemical detection of IFNγ receptor 1 (IFNGR1), p11, and the neuronal marker NeuN demonstrated that neurons in layer 5 of the mouse cortex express both p11 and IFNGR1 (Fig. S1 ). TNF receptor 1 (TNFR1) was also coexpressed with p11 in cortical neurons (Fig. S1 ). These data support the idea that these cytokines may regulate p11 levels.
NSAIDs Prevent the Antidepressant-Like Effect of SSRIs in Classical
Behavioral Paradigms. Because p11 has been shown to be both necessary and sufficient for behavioral antidepressant responses (7) (8) (9) and IBU potently inhibited antidepressant-induced increases in p11 (Fig. 2B) , we examined the possibility that IBU might inhibit the behavioral response to antidepressant drugs. We tested various classes of antidepressants including SSRIs (citalopram and fluoxetine), TCAs (imipramine and desipramine), a MAOI (tranylcypromine), and an atypical antidepressant (bupropion) in two well-established mouse models of depression: the tail suspension test (TST) and the forced swim test (FST). All antidepressants tested significantly reduced immobility time in both the TST [ To examine the specificity of the effect of IBU on SSRIinduced behavioral changes, we tested the effect of three different NSAIDs and an analgesic on the behavioral response to citalopram. Mice were treated with IBU (1 mg/mL), naproxen (2 mg/mL), acetylsalicylic acid (3 mg/mL), or acetaminophen (3 mg/ mL) in their drinking water for 5-7 d and received a single injection of citalopram (20 mg/kg, i.p.) or saline before testing in the TST or FST. All of the drugs tested significantly blocked the antidepressant effect of citalopram on immobility time in both tests ( To determine whether ibuprofen inhibits the behavioral response to chronic SSRI administration, we coadministered citalopram and ibuprofen for 2 wk before testing mice in the , ibuprofen (IBU), or both IBU and CIT were analyzed for levels of cytokines. Group 1 cytokines were increased by citalopram, the effect of which was abolished by ibuprofen cotreatment. Group 2 cytokines were increased by citalopram, the effect of which was not affected by ibuprofen. (B) Western blot analysis of p11 protein or actin loading control in the frontal cortex of mice receiving a chronic selective serotonin reuptake inhibitor (citalopram or fluoxetine) or a tricyclic antidepressant (desipramine), alone or in combination with ibuprofen or acetylsalicylic acid. Representative blots (Upper); quantification of five to six mice per group (Lower). All data are presented as means ± SEM. Statistically significant effects of antidepressants ( # P < 0.05) or NSAIDs (*P < 0.05) are noted. There was no response to chronic citalopram treatment when ibuprofen was coadministered before testing in the tail suspension test (E) or the novelty suppressed feeding test (F). All data are presented as means ± SEM. Statistically significant effects of antidepressants ( # P < 0.05) or NSAIDs/analgesics (*P < 0.05, **P < 0.01) are noted. n = 8-16 per group. p11 expression, we generated a conditional p11 KO mouse by crossing a mouse with lox-P sites flanking exon 2 of the p11 gene with a mouse expressing the Cre recombinase under the CAMK2α promoter (14, 15) . The CAMK2α promoter was chosen because it is expressed only in neurons of the forebrain. The resulting p11 KO mouse lacked p11 only in cells that expressed the CAMK2α-Cre. Immunohistochemical analysis of the p11 KO mice showed a complete lack of p11 protein expression in the neurons of the cortex and hippocampus, and lessened expression in the striatum (Fig. S2) . Citalopram had no effect on TST immobility in p11 KO mice (Fig. 5A) . In contrast, p11 KO mice responded normally to a tricyclic antidepressant, desipramine, underscoring the specificity of our results for serotonergic antidepressants (Fig. 5A) .
Acute injection of IFNγ (10 μg/kg) or TNFα (10 μg/kg) before testing in the TST significantly reduced immobility in wild-type mice, consistent with an antidepressant-like effect [ Fig. 5B , interaction genotype × treatment F (2, 64) = 3.55, P < 0.05]. A lower dose of IFNγ (1 μg/kg) or TNFα (1 μg/kg) had no effect on TST immobility (IFNγ 107.9% ± 9.6, n = 6; TNFα 98.6% ± 7.3, n = 5). IFNγ or TNFα had no effect on TST immobility in p11 KO mice [ Both KO mouse lines responded normally to desipramine in the TST (WT: 61.03% ± 9.9; IFNGR1 KO: 71.56% ± 9.3; TNFR1 KO: 65.4% ± 8.1, percentage of vehicle control group ± SEM), demonstrating the specificity for serotonergic antidepressants.
NSAIDs and Other Analgesics Inhibit SSRI Efficacy in a Clinical Population. The TST and FST are two well-established rodent behavioral paradigms that predict antidepressant efficacy in humans (16, 17) . To determine whether NSAIDs influence SSRI efficacy in clinically depressed individuals, we took advantage of the STAR*D dataset. The first level of this large scale clinical trial investigated remission rates in depressed patients taking citalopram for 12 wk (Materials and Methods). Contingency tables and analyses were performed on 1,546 human subjects for which there were concomitant medication data and a data point at week 12 for presence/absence of clinical "remission" from depressive symptoms (Table 1 ). These data show that 182 subjects were in remission at the end of 12 wk of treatment with citalopram and had taken an NSAID at least once during those 12 wk. There were 628 subjects in remission who had not taken an NSAID. There were 227 subjects who were treatment resistant (i.e., did not experience remission) and had taken an NSAID at least once during the 12 wk of treatment. Finally, there were 509 subjects who were treatment resistant and had not taken any NSAID.
Of those subjects who took an NSAID, 45% were in remission, and 55% were treatment resistant. Of those subjects who did not take an NSAID, the reverse relationship was observed with 55% in remission and 45% being treatment resistant. In other words, a higher percentage of patients were treatment resistant to citalopram if they had taken an NSAID than if they had not taken an NSAID. This relationship was statistically significant (P = 0.0002).
Similar analyses were conducted for other analgesics and similar results were found. Subjects taking other analgesics were less likely to undergo remission (37% in remission) compared with those not taking analgesics (54% in remission, P = 0.0002).
Another analysis was conducted to determine whether the relationship between remission and concomitant medication was strongest for subjects who were taking both NSAIDS and other analgesics. Despite the relatively fewer number of subjects taking both NSAIDs and other analgesics, the relationship appeared to be quite strong with 63% of subjects who were taking both types Number of patients in remission or not in remission at the end of 12 wk of treatment with citalopram shown as a function of presence or absence of various concomitant treatments. Data were analyzed using Fisher's exact test; P < 0.05 indicated a statistically significant relationship between the concomitant medication and the treatment outcome.
of medication failing to show remission (P = 0.0138) in contrast to 47% failure for patients taking neither.
Moreover, a contingency table was set up for subjects who had taken either NSAIDs or analgesics. The relationship between taking either of these medications and being more likely to show treatment resistance was highly statistically significant (P < 0.0001).
Importantly, there seemed to be specificity in the relationship between the presence of an NSAID and/or other analgesic with treatment resistance (lack of remission) because there was no relationship between treatment remission and other concomitant medications such as vitamins.
Discussion
Previous work from our laboratory indicated that p11 is a determinant of depressive-like states and antidepressant responses (7-9). Here we provide evidence that antidepressants increase brain levels of certain cytokines, which increase p11 levels, which then induce antidepressant-like behavioral responses (Fig. 1) . We have further shown that IFNγ and TNFα are two cytokines that may be involved in this process. Antiinflammatory drugs antagonized both the induction of p11 by and the behavioral response to SSRI antidepressants. We used the STAR*D dataset to confirm our results in a clinical population. Consistent with our mouse studies, we found that human patients reporting concomitant NSAID or other analgesic treatments showed a reduced therapeutic response to citalopram. Concomitant use of NSAIDs may be an important reason for high SSRI treatment resistance rates. We suggest that NSAIDs and other analgesics may potentially interfere with the therapeutic efficacy of SSRIs.
P11 expression is detected in various brain areas including the frontal cortex, hippocampus, striatum, amygdala, and dorsal raphe nucleus (7) . Overexpression of p11 in the forebrain mimics the action of an antidepressant (7). Here we show that p11 in forebrain neurons is necessary for the action of an SSRI antidepressant, but not a tricyclic antidepressant, suggesting that SSRI and noradrenergic antidepressants might act through different mechanisms and that p11 is selectively involved in pathways related to SSRI activity.
The antidepressant-like effects of TNFα on p11 and behavior could be mediated by direct effects of TNFα on neurons or indirectly through neurotrophic factors. TNFα increases production by astrocytes of neurotrophic factors, including nerve growth factor (NGF), glia-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF) (18, 19) . TNFα also increases BDNF in human cerebral endothelial cells (20) , and BDNF (i) increases p11 in the mouse cerebral cortex and (ii) has antidepressant-like and neurogenic effects that require p11 (8, 21) . The effects of TNFα on levels of neurotrophins may be an important component of the mechanism by which TNFα produces an antidepressant-like response in rodent models of depression.
Our results further suggest that, like TNFα, IFNγ mediates its antidepressant activity through its action on p11. IFNγ increases p11 through a direct interaction with IFNγ binding sites on the p11 promoter (22) . IFNγ increases neurite outgrowth (23), promotes neuronal differentiation (24) , and enhances neurogenesis (25) , all of which are consistent with antidepressant-like activity (26) . However, it has been suggested that IFNγ mediates depression-behaviors caused by immune activation (27) . Others have suggested that IFNγ plays a role in depression-like behaviors, but find that IFNγ KO mice respond normally to chronic unpredictable stress in the FST (28) . These results are not inconsistent with our findings. It is well established that there is an increase in the level of plasma cytokines in depressed subjects (4) . We speculate that the production of these cytokines and their actions in the periphery may be distinct from those local effects observed in brain areas like the frontal cortex. It is also possible that the increased levels of certain cytokines in the periphery of depressed individuals are involved in efforts by the brain to compensate for depression.
Future studies will be necessary to determine the mechanism by which NSAIDs inhibit SSRI efficacy. Acetaminophen is not generally thought to be antiinflammatory, so perhaps the antipyretic actions of the NSAIDs and analgesics is more related to their antagonism of SSRI efficacy. The two drugs could interfere with each other in the periphery, because most NSAIDs do not readily cross the blood brain barrier and because blood levels of citalopram and its metabolite were decreased in mice that also received ibuprofen. We cannot exclude the possibility that NSAIDs are having a direct effect on the interaction between SSRIs and the serotonin transporter, even though the involvement of p11 in antidepressant activity is mediated by neurons in the forebrain.
Analysis of our clinical data strongly suggests that remission rates among depressed individuals may be improved by avoiding certain common over-the-counter medications such as ibuprofen, aspirin, and acetaminophen. Depressed patients treated for 12 wk with citalopram are significantly less likely to show full remission if they are concomitantly taking NSAIDs and/or other analgesics.
The data suggest that treatment with NSAIDs prevents clinical responses to antidepressants. However, it is possible that underlying condition(s) contribute to treatment resistance rather than any one particular mechanism of action of concomitant medication. Indeed, it has been reported that depressed patients with painful physical symptoms took longer to achieve remission from depressive symptoms and were less likely to achieve remission than patients without pain (29) . We cannot exclude the possibility that severity of depression and accompanying pain symptoms could be associated with antidepressant treatment resistance. However, in one study, Leuchter and colleagues (29) adjusted statistically for potential confounding factors such as race, sex, ethnicity, and severity of depression at baseline, and report that the statistical significance of the relationship between pain and remission from depression was lost. They concluded that the presence and severity of physical pain are not predictors of poor antidepressant treatment outcome, but that physical pain is associated with some factors that are predictors. Our present data suggest that at least one of the factors associated with physical pain that is a predictor of SSRI treatment outcome is concomitant therapy with NSAIDs and other analgesics. Despite the lack of understanding of causality associated with our clinical data analysis, our animal data strongly suggest that treatment with NSAIDs and/or other analgesics prevents antidepressant action of SSRIs.
Because the clinical analyses were conducted as post hoc analyses, it would be informative to evaluate the effects of NSAIDs and other analgesics on SSRI antidepressant response in a prospective, double-blind, randomized clinical study. Specifically, it will be important to standardize medications to better evaluate their role in determining treatment outcome. In the present study, no adjustments were made for multiple comparisons in the analyses. However, the effects were highly statistically significant such that small statistical adjustments would not affect the overall statistical significance or interpretation of the data. Moreover, the lack of a significant relationship between vitamins and clinical response suggests specificity to the underlying mechanisms by which NSAIDs and other analgesics prevent clinical remission. In addition, medical coding for concomitant medication in the database may not have been consistent across subjects or medications. Individuals taking many prescription medications may have been less likely to report over-the-counter medications, so reports of over-the-counter NSAIDs and analgesics may be underrepresented in the STAR*D dataset. Also, there are no data regarding dose of concomitant medications in the database and there is little information regarding duration of use (i.e., duration is only available for some medications). The utility of the data shown in Table 1 may be limited by not being able to differentiate between subjects taking concomitant medications for a single administration or only rarely and subjects taking the medications chronically. The magnitude of effect for the relationship between medication and treatment resistance may be even greater for those subjects who chronically take NSAIDs and/or other analgesics. Lastly, any subjects who discontinued before week 12 may have discontinued due to lack of efficacy. The percentage of subjects in remission may be overrepresented at week 12. However, many subjects (26%) dropped out of the acute phase of the trial due to nonmedical reasons (2) . Therefore, subject discontinuation may or may not have affected the outcome of the present results. Despite these weaknesses, our findings indicate that many common over-the-counter medications greatly affect treatment response to SSRI antidepressants.
NSAIDs have been reported to increase the efficacy of some antidepressant treatments, but those reports focus on tricyclic or noradrenergic antidepressants (30) and not SSRIs. Our data indicate that the antagonism by NSAIDs of antidepressant responses is specific for serotonergic antidepressants. It is important to emphasize that the interaction between antidepressants and antiinflammatory agents appears to be specific to the efficacy of SSRIs and not a general effect on all classes of antidepressants. Furthermore, there is no evidence from our studies that NSAID administration alone has any effect on depressivelike states.
We report here a robust inhibitory effect of NSAIDs on SSRIinduced increases in p11 and on antidepressant-like behaviors in rodents. We confirmed the association in a dataset from a large-scale real-world human study (STAR*D), underscoring the clinical significance of these results. Work is ongoing to understand the cellular and molecular mechanism(s) underlying these effects, but the clinical implications of our findings are clear. With that, we urge the medical community to consider these findings when designing treatment strategies for their patients that include SSRIs.
Materials and Methods
Animals. Eight-to 10-wk-old male mice were used for all experiments, and were housed four to five per cage with ad libitum access to food and water. C57BL/6 mice were purchased from Charles River Laboratories. p11 KO mice (derived and maintained at The Rockefeller University) were also used (7). CAMK2α−p11 conditional knockout mice were generated for these studies (SI Materials and Methods ). Animal use and procedures were in accordance with the National Institutes of Health guidelines and approved by the institutional animal care and use committees.
Sample Preparation and Western Blotting. Western blotting was performed using standard procedures as described (9) (SI Materials and Methods).
Behavioral Assays. The TST, FST, and open field locomotor activity were performed as described (9) . Novelty suppressed feeding was performed as described (21) .
Clinical Data Analyses. Please see SI Materials and Methods.
Statistical Analyses. All comparisons were made by ANOVA using Prism 5 software (GraphPad). In experiments composed of more than two groups, data were first analyzed by two-way ANOVA followed by a post hoc Bonferroni test. Statistical significance was set at P < 0.05. 
